The magnetic structure of mixed valence-Kondo-heavy fermion series Ce͑Mn 1−x Cu x ͒ 2 Si 2 ͑0 ഛ x ഛ 1͒ is reported. The magnetic susceptibility results indicate that for 0 ഛ x ഛ 0.3, Mn moments are antiferromagnetically ͑AFM͒ ordered and the Neel temperature T N decreases rapidly with decreasing x. For 0.4ഛ x ഛ 0.7, ferromagnetic ͑FM͒ phase is observed below 140 K and both the ordering temperature T c and Curie-Weiss temperature p decrease with increasing x, showing the weakening of in-plane FM magnetic coupling between Mn moments due to the substitution of Mn by nonmagnetic Cu. For 0.8ഛ x ഛ 1, samples exhibit only paramagnetic behavior. The types of magnetic order in this series are basically consistent with the criterion that FM ͑AFM͒ phase is favored when intralayer Mn-Mn spacing R Mn-Mn a is greater ͑smaller͒ than a critical value of 2.865 Å. A magnetic phase diagram is constructed for this compound series.
I. INTRODUCTION
RMn 2 X 2 -based intermetallic compounds ͑with R = rare earth elements and X =Si or Ge͒ have attracted considerable interest in the last two decades due to their diversified magnetic structures and magnetic ordering at high temperatures.
1,2 Among all of these compounds, CeMn 2 Si 2 appears particularly interesting because the Mn atoms in this compound exhibit antiferromagnetic ͑AFM͒ order at T N = 376 K despite the mixed-valence ͑MV͒ state of Ce ions. 3 CeCu 2 Si 2 , on the other hand, is a Kondo lattice and heavyfermion ͑HF͒ superconductor with nearly trivalent Ce and nonmagnetic Cu. 4 One interesting issue about the MVKondo-HF phenomena in the Ce͑Mn 1−x Cu x ͒ 2 Si 2 series is whether there exists an interplay between the 3d-host magnetic fields and the Ce-spin fluctuations. For the clarification of this issue, one needs to know how the 3d sublattice evolves from an AFM ordered regime to a paramagnetic regime. In this paper, we report for the first time the magnetic properties of this entire series to elucidate how Cu substitution for Mn induces such an evolution.
II. EXPERIMENT
Ce͑Mn 1−x Cu x ͒ 2 Si 2 ͑0 ഛ x ഛ 1͒ polycrystalline samples were prepared by standard arc melting technique as described elsewhere.
5 X-ray diffraction measurements were carried out using a Rigaku 2005 x-ray diffractometer and it is found that the samples are primarily in the ThCr 2 Si 2 -type structure with minor Ce 2 CuSi 3 and/or CeSi y ͑1.75ഛ y ഛ 2͒ impurities, as discussed recently in Ref. 5 for CeMnCuSi 2 . For CeMn 2 Si 2 , the temperature dependent magnetic susceptibility ͑T͒ was measured previously with a Faraday magnetometer in a temperature range of 5 -550 K and in a field of 6.3 kOe. 3 For the other samples, ͑T͒ was measured with a superconducting quantum interference device magnetometer in temperature range of 5 -400 K and in a field of 1 kOe, and in both zero-field-cooled ͑ZFC͒ and field-cooled ͑FC͒ sequences. Kondo compound series, such as in the Cr-substituted Ce͑Mn 1−x Cr x ͒ 2 Si 2 .
III. RESULTS AND DISCUSSION
5 For the current compound series, since the values of Ce valence determined previously by our Ce L 3 x-ray absorption spectroscopy changes from 3.12 at x = 0 -3.04 at x =1, 3,6 such deviation from Vegard's-law-type behavior is not unexpected. In contrast to a parameter, the c parameter decreases with the increasing x. Such opposite variation trends of a and c with x are consistent with the lattice parameter result reported previously by Siek and Szytula. 7 In Fig. 2 , we show the temperature dependent magnetic susceptibility ͑T͒ for the Ce͑Mn 1−x Cu x ͒ 2 Si 2 series. The ͑T͒ results can be discussed in the following three regions of x.
A. Antiferromagnetic region: 0 Ï x Ï 0.3
For the four samples with x = 0, 0.1, 0.2, and 0.3, the Mn atoms exhibit AFM order and, thus, a peak or bump at Neel temperature T N is evidenced in the ͑T͒ curves. Previous neutron scattering measurements indicate that the Mn moments in CeMn 2 Si 2 order in ferromagnetic ͑FM͒ planes with successive planes antialigned along the c-axis direction and no evidence for Ce magnetic ordering was detected. 8, 9 It is seen from Fig. 2 that with x increasing from 0 to 0.3, T N decreases from 376 to 195 K. Such a Mn substitution induced decrease in T N was also observed previously in systems such as Ce͑Mn 1−x Cr x ͒ 2 Si 2 ͑Ref. 10͒ and Nd͑Mn 1−1y Fe y ͒ 2 Ge 2 . 11 The decreasing rate of T N for the present Cu-substituted series is estimated to be ⌬T N / ⌬x Ϸ 6.0 K / ͑at. % Mn͒, which is very close to the value of 6.6 K / ͑at. % Mn͒ for the Cr-substituted series Ce͑Mn 1−x Cr x ͒ 2 Si 2 in the similar x range. 10 We attribute the drop of T N to dilution and the breakup of percolation in the FM Mn planes through the nonmagnetic Cu substitution for Mn, which could weaken the strength of the interlayer AF coupling. For the x = 0.2 and 0.3 samples, the FC and ZFC ͑T͒ curves show significant thermomagnetic irreversibility ͑TMI͒ below the FM ordering temperature T c ͑Ϸ135 K͒, which is defined by the inflection point of the ͑T͒ curves determined by the minimum of d͑T͒ / dT curves. Such large TMI behavior has been observed in the FM phases of many FM ordered materials and discussed in detail in Ref. FC and ZFC ͑T͒ curves below T c . For the x = 0.7 sample, an upturn is seen below 10 K. This upturn could be attributed to the contribution from small amount of Ce 2 CuSi 3 and CeSi y impurities, [12] [13] [14] which are FM ordered below 2 and 10 K, respectively. For samples with x = 0.4, 0.5, and 0.6, such upturn is almost unnoticeable in the ͑T͒ curves due to its small magnitude ͑ϳ0.1 emu/ mol͒. For these four samples, no any AF ordering is observed above T c , indicating that they are paramagnetic above T c .
C. Paramagnetic region: 0.8Ï x Ï 1.0
The ͑T͒ curves ͑in Fig. 2͒ for the samples with x = 0.8 and 1.0 show paramagnetic behavior in the entire temperature range from 5 to 400 K. No TMI is observed between the ZFC and FC ͑T͒ curves.
In Table I , the values of the effective moment per formula unit ͑f.u.͒ eff , per Mn Mn , and paramagnetic CurieWeiss temperature p for the Ce͑Mn 1−x Cu x ͒ 2 Si 2 series, are listed. The eff and p are obtained by fitting the ͑T͒ data to a Curie-Weiss law ͑T͒ = C / ͑T-p ͒ on the high temperature ͑paramagnetic͒ side of the AFM or FM transitions. The temperature ranges for the fitting are also listed in Table I . The values of Mn are estimated using formula Mn 2 = ͑ eff 2 -Ce 2 ͒ / /͓2͑1−x͔͒ where Ce = 2.54 B for Ce 3+ free ion ͑to the first order, the small Ce 4+ mixing is neglected͒ is used. It is seen from Table I that p decreases with increasing x, indicating that the strength of the in-plane FM Mn-Mn interaction is weakened by the substitution of Mn by Cu.
To summarize the forgoing results and discussions, we propose a phase diagram for the Ce͑Mn 1−x Cu x ͒ 2 Si 2 series and show it in Fig. 3 . The data of T c and T N are from Table  I . The FM and AFM magnetic orders can be correlated to the Mn-Mn spacing R Mn-Mn a . Previously, it was established that for RMn 2 X 2 -based intermetallic compounds, FM phase is favored when R Mn-Mn a is larger than a critical value of 2.865 Å, whereas AFM phase is stabilized when R Mn-Mn a is smaller than 2.865 Å. 15 For the x = 0.2 and 0.3 samples, the measured values of R Mn-Mn a are 2.863 and 2.876 Å ͑see Fig. 1͒ , respectively, and, thus, they lie in the board line region between the FM and AF phases. This explains why both AF and FM phases can exist in these two samples. The observed FM order in the samples in the range of 0.4ഛ x ഛ 0.7 ͑corre-sponding to 2.884 Å ഛ R Mn-Mn a ഛ 2.904 Å͒ is consistent with this empirical criterion. Similar to the decrease of p , the decrease of T c with increasing x may also be explained by the weakening of the in-plane Mn-Mn FM coupling due to the dilution of the Mn concentration by Cu. Indeed, such dilution caused substantial decrease in T c was also observed for Sm͑Mn 1−x Cr x ͒ 2 Si 2 series. 16 For x ജ 0.8, the FM coupling between Mn moments is too weak to cause FM ordering and, thus, the samples are paramagnetic in the entire temperature range. 
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